The evolution of stars between the AGB and planetary nebula phases was investigated by sensitive radio continuum observations of a sample of 21 evolved stars with high mass loss rates and extended circumstellar envelopes, in a search for newly formed compact planetary nebulae. Four were found: two (CRL 618 and IRAS 21282+5050) are well known young planetary nebulae while the other two (IRAS 17423-1755 and CRL 915, the`Red Rectangle') are new detections. These recent observations show that the radio frequency ux of CRL 618 continues to increase. The strength of the radio continuum emission from CRL 915 gives a type of B3 or earlier for the exciting star.
Abstract
The evolution of stars between the AGB and planetary nebula phases was investigated by sensitive radio continuum observations of a sample of 21 evolved stars with high mass loss rates and extended circumstellar envelopes, in a search for newly formed compact planetary nebulae. Four were found: two (CRL 618 and IRAS 21282+5050) are well known young planetary nebulae while the other two (IRAS 17423-1755 and CRL 915, the`Red Rectangle') are new detections. These recent observations show that the radio frequency ux of CRL 618 continues to increase. The strength of the radio continuum emission from CRL 915 gives a type of B3 or earlier for the exciting star.
Radio continuum emission was detected from four more stars in the sample at an intensity too weak to be due to compact planetary nebulae but too strong to be photospheric. These stars may have extended partially ionized chromospheres.
Subject Headings: planetary nebulae: individual (CRL 915, IRAS17423-1755) -stars: radio continuum -stars: AGB and post-AGB -stars: mass loss -stars: evolution 1. INTRODUCTION Stellar evolution on the red giant branches, particularly on the asymptotic giant branch (AGB) is dominated by mass loss. The extended circumstellar shells produced by mass loss can be investigated using line emission from circumstellar molecules and continuum emission from circumstellar dust: mass loss rates of 10 ?8 to 10 ?4 M yr ?1 and lifetimes of 2 10 5 years are found (Young, Phillips and Knapp 1993) . At the end of the mass loss phase, it is likely that the central hot remnant ionizes the circumstellar material and a planetary nebula is formed (e.g.
Sch onberner and Bl ocker 1993).
This paper describes a radio wavelength search for young planetary nebulae in a sample of 21 well-studied evolved stars selected to cover most of the range of properties for these objects, with emphasis on stars which may be evolved past the AGB phase. The detection of new-formed planetary nebulae in the centers of extended circumstellar envelopes allows the investigation of the conditions which attend the termination of stellar mass loss and the formation of a planetary nebula. Further, stellar models show that the transition between the AGB and the planetary nebula phases can be very short, about 100 years, for the highest-mass remnant stars (Sch onberner and Bl ocker 1993). Hence, in these cases, the onset of planetary nebula formation and the initial evolution may be rapid enough to observe.
The observations were made with the Very Large Array (VLA) at its most sensitive wavelength, 3.6 cm (8.4 GHz). Radio continuum observations are una ected by dust extinction, which can be very high, up to several hundred magnitudes, in these dusty circumstellar envelopes. Further, the great sensitivity of the VLA can detect emission from planetary nebulae of very small size (cf. Wynn-Williams 1977; Kwok and Feldman 1981; Kwok and Bignell 1984; Bowers and Knapp 1989) . Radio frequency observations should, in principle, easily be able to distinguish between emission from a compact planetary nebula and from a stellar photosphere by the relative strength of the radio continuum emission. Optically thick bremmstrahlung emission from a sphere of radius R ? and temperature T ? gives a ux density at frequency of
where D is the distance to the star. AGB stars have radii of several A.U. and temperatures of 2000 -3000 K. The initial formation of a planetary nebula, on the other hand, produces a region of ionized gas of temperature 10 4 K and radius 10 15 cm (cf. Kwok and Feldman 1981) whose ux density is 50 -100 times stronger than would be expected for photospheric emission from a red giant star.
The sample selection is described in x2, and the observations, data reduction and results in x3. Continuum emission which is most likely due to compact planetary nebulae was detected in four objects: these are individually discussed in x4, as are the implications of these results for the initial stages of planetary nebula formation.
The conclusions are given in x5.
Continuum emission was detected from ve additional stars. The weak emission tentatively detected from CRL 2688 appears to be extended and may be due to circumstellar dust -this result is described elsewhere (Knapp et al. 1994, hereafter Paper 1). The emission from the other four stars is too weak to be due to HII regions but is too strong to be photospheric, and indicates the possible presence of extended chromospheric emission. These results and their relation to stellar mass loss are discussed in Appendix A. (Loup et al. 1993 (Cernicharo et al. 1989; Gammie et al. 1989) . Several stars with fast molecular winds are included in the present sample: these are CRL 618, VY CMa, OH231.8+4.2, IRAS 17423-1755, CRL 2688 and M2-56 (Knapp et al. 1995) .
SAMPLE SELECTION

d. Stars on the AGB and Supergiants
The sample includes several`normal' evolved giants with a range of mass loss rates; these are IRC+10011, R Lep, CRL 809, R Leo, and IRC+10216. Two M supergiants, VY CMa and VX Sgr, were also observed.
The observed stars are listed in Table 1 , which gives the name, the position of the phase center of the observations, the most accurate available stellar position, the position uncertainty in each coordinate, the proper motions in and (where known), references for the position, and the stellar spectral type from the SIMBAD data base.
Most of the stars have positions measured at several wavelengths. In two cases these positions di er signi cantly. Wright et al. (1990) nd an o set of more than 1 00 between the optical and SiO maser positions for VY CMa, which they attribute to structure in the dusty circumstellar shell. We use the SiO maser position. Precise position measurements of IRC+10011 have been made at both optical and radio wavelengths. Optical measurements by Costa and Loyola (1990) and Xu et al. (1991) give ( 
OBSERVATIONS AND RESULTS
The data were obtained with 27 antennas of the NRAO 1 Very Large Array in 1 The National Radio Astronomy Observatory is operated by Associated Universities Inc. under cooperative agreement with the National Science Foundation.
its \C" con guration during 1991 January 2 and 27. Both right and left circularly polarized modes were observed with 50 MHz bandpasses centered respectively at 8414.9 and 8464.9 MHz. The integration times ranged from 30 to 60 minutes per source. The phases were calibrated by observations of nearby bright point sources. The ux density scale was calibrated by an observation of 3C286 (1328+307), for which the adopted ux density at 3.6 cm was 5.27 Jy. The data were calibrated and analyzed with the NRAO AIPS data reduction package.
After calibration of the u-v data, maps were made with natural weighting in the u-v plane and a cell size of 0:5 00 over a 512 00 512 00 eld encompassing the full-width half-maximum (FWHM) primary beamwidth (5:4 0 ). The resulting synthesized half-power beamwidth had a typical value of 3 00 . The r.m.s. thermal noise level of the total (right plus left) intensity near the eld center for each observed star is given in the last column of Table 1. Unresolved (< 3 00 ) emission was found close enough to the positions of several objects (CRL 618, CRL 915, VY CMa, R Leo, IRC+10216, CIT 6, IRAS 17423-1755 and IRAS 21282+5050) that we can be reasonably sure of its association with the star. The ux densities (corrected for primary beam attenuation) and positions of these sources are listed in Table 2 , along with the o set between the position of the radio source and the stellar position in Table 1 . The accuracy of the radio positions is 0:5 00 to 3 00 , depending on the strength of the source. Other point sources which are unlikely to be associated with the observed star were found in several maps. The ux densities (corrected for attenuation by the primary beam of the array) and the positions are given in Table 3 .
The radio emission from CRL 618 (Table 2) is strong enough that the dynamic range of the map is improved by using the self-calibration procedure. The resulting maps were searched for extended emission; none was found. The data for the other stars were also searched for extended emission. This was done by applying a range of Gaussian weighting functions (or \tapers") before Fourier-transforming the u-v data to make maps with a range of spatial resolutions. Table 3 .
Radio emission at 3.6 cm was detected from 9 of the 21 stars observed. However, compact planetary nebulae are only one possible source of radio frequency continuum emission from evolved stars; others are the stellar photosphere, the chromosphere, and circumstellar dust. The weak emission from CRL 2688 may be due to circumstellar dust, as discussed in Paper 1. To decide among these possibilities for the other stars, we compare the 3.6 cm ux densities with data on molecular line emission from the circumstellar material. Figure 1 shows the histogram of the distance-independent ratio R of the 3.6 cm ux density to the integrated intensity I CO of the CO(3-2) line in K km s ?1 . The group with the higher values of R contains IRAS 21282+5050, CRL 915, CRL 618 and IRAS 17423-1755, and the group with lower values contains VY CMa, IRC+10216, R Leo and CIT 6. The expected values of R for two models are also shown in Figure 1 . The CO line ux is calculated for a star losing mass at a rate of 10 ?5 M yr ?1 (at the high end of the observed range for AGB stars) at an out ow speed of V o = 15 km s ?1 and with CO=H 2 = 3 10 ?4 , the value typical of oxygen stars (Knapp et al. 1995) . The model radio continuum ux density is calculated for a black body sphere using equation (1). We consider two cases (1) photospheric emission from a star of temperature 2500 K and luminosity 10 4 L and (2) a star which has just begun to form a planetary nebula by ionizing the inner regions of the circumstellar shell.
The central HII region is assumed to be optically thick, with a temperature of 10 4 K and a radius of 10 14 cm. This model gives a lower limit to the expected value of R; it is calculated for a high mass loss rate and the model HII region is smaller than any yet observed. Figure 1 shows that the stars detected at 3.6 cm fall into two groups. The four stars in the rst group have values of R which are higher than the minimum expected for compact HII regions. The compact planetary nebulae CRL 618 and IRAS 21282+5050 lie in this group; the other two members, CRL 915 and IRAS 17423-1755, are therefore also likely to be planetary nebulae. The values of R for the remaining 17 stars in the sample, both those detected at 3.6 cm and those with upper limits, fall below the HII region value, showing that there are no more compact planetary nebulae among the 21 observed stars.
The 3.6 cm ux densities of the other four detected stars (IRC+10216, R Leo, CIT6 and VY CMa) are too low to be due to HII regions but, as Figure 1 shows, too high to be photospheric. These stars are discussed in Appendix A.
PROPERTIES OF COMPACT PLANETARY NEBULAE a. CRL 618
This planetary nebula has probably formed very recently; Kwok and Feldman (1981) show that the ux density at radio frequencies, where the nebula is optically thick, is growing with time, demonstrating the growth of the central HII region. At an assumed distance of 1100 pc, the 3.6 cm ux density of 67 mJy implies an optically thick spherical HII region (at temperature 10 4 K) of radius 3:4 10 15 cm.
This HII region has an area about twice that measured by Kwok and Bignell (1984) .
The 3.6 cm ux density given in Table 2 is, to the best of our knowledge, the rst published at this wavelength. CRL 618 has been measured at several previous epochs at other wavelengths, most often at 6 cm. The 6 cm ux density at epoch 1991.0 can be estimated from the 3.6 cm ux density and a spectral index of 1.8 (cf. Knapp, Sandell and Robson 1993) to be 26 3 mJy. Figure 2 shows the time dependence of the 6 cm ux density of CRL 618 since 1974, with other data from Wynn-Williams (1977), Kwok and Feldman (1981) , Mross, Weinberger and Hartl (1981) , Spergel et al. (1983) , Kwok and Bignell (1984) and Zijlstra et al. (1989) . The ux density has grown roughly linearly with time for the past 20 years; the time dependence in Figure 2 suggests that the ionization of the source began in about 1965.
b. CRL 915
The \Red Rectangle" is a symmetric bipolar nebula surrounding the close binary star HD 44179 which is classi ed as B8-A0 (Cohen et al. 1975; Heintz 1990 ).
The CO emission is extended approximately north-south (Knapp et al. 1995) , as is the optical nebula (whose size is about 70 00 ). CRL 915 has a remarkable spectrum, with emission features from many carbon molecules, PAHs and CH + (Cohen et al. 1975; Schmidt et al. 1980; Waelkens et al. 1992; Balm and Jura 1992; Sloan et al. 1993 ).
Spectroscopy of the central star by Waelkens et al. (1992) suggests a luminosity of 2300 -7500 L . The larger value, together with the bolometric ux of 2:6 10 ?7 erg cm ?2 s ?1 found from the infrared observations listed by Gezari et al. (1987) , gives a distance of 940 pc. We assume a distance of 1 kpc and a luminosity of 8000 L in round numbers. The mass loss rate is then 3 10 ?7 M yr ?1 (Knapp et al. 1995) and the radius of the optical nebulosity is 5 10 17 cm. The 3.6 cm emission is probably due to ionized gas (Figure 1 ) and comparison with the 1.3 mm ux density measured by Walmsley et al. (1991) shows that the source is optically thick at 3.6 cm: the observed ux density then gives a radius of only 2:5 10 14 cm at a distance of 1 kpc, showing that the formation of the planetary nebula is very recent. The 3.6 cm ux density also requires ionization corresponding to a star of type earlier than B3 (following the analysis by Churchwell and Walmsley 1973) . This is considerably earlier than the B8 -A0 type of HD 44179. However, Leinart and Haas (1989) show that HD 44179 is o set from the center of the optical nebulosity. The exciting star of the Red Rectangle may therefore not be HD 44179 but a hotter, unseen companion.
c. IRAS 17423-1755 17423- (He3-1475 This is a Be star (Henize 1976) surrounded by a compact planetary nebula (Bobrowski 1993 ). The distance is estimated to be 2.5 kpc (Parsatharathy and Pottasch 1989) . The 3.6 cm ux density gives an excitation parameter of 1.8, suggesting a star of type B3, in agreement with the very low excitation measured by Bobrowski (1993) .
The CO(2{1) and the 1667 MHz OH line pro les have two components, a weak, broad ( 60 km s ?1 ) component and a narrow emission feature of width 12 km s ?1 blueshifted with respect to the central velocity of the broad component (te Lintel Hekkert 1991; Knapp et al. 1995) . These line shapes resemble those seen in OH231.8+4.2 (Morris, Bowers and Turner 1982) and the envelope of He3-1475 may have the same sort of attened mass distribution. It is at a slightly later stage of evolution than is OH231.8+4.2, as shown by the detection of the small central compact HII region.
d. IRAS 21282+5050
This young planetary nebula has a WC11 central star surrounded by a cool circumstellar shell showing strong emission in the PAH 3 m features and the CO rotational lines (de Muizon et al. 1986; Cohen and Jones 1987; Likkel et al. 1988 ).
High-resolution molecular line, infrared and radio-frequency observations reveal a toroidal structure (Shibata et al. 1989; Kwok et al. 1993; Meixner et al. 1993; Likkel et al. 1994 ). The distance is estimated to be 2 kpc (cf. Likkel et al. 1988 and Shibata et al. 1989 ).
The 3.6 cm measurements from the present paper show that the nebulosity is slightly extended on the 3 00 scale (Table 4) , with a total ux density at 3.6 cm of 5.3 0.3 mJy. The deconvolved source size is 3:8 00 2:7 00 at position angle 153 o , in excellent agreement with the higher resolution results at 6 cm and 2 cm by Likkel et al. (1994) . Likkel et al. (1994) nd ux densities of 6.9 and 6.8 mJy at 6 cm and 2 cm, while Meixner et al. (1993) report a 6 cm ux density of 8 mJy. These results show that the spectrum is nearly at in the 2 -6 cm range, consistent with optically thin bremsstrahlung emission. The optical magnitudes measured by Cohen and Jones (1987) , the 2 m -12 m ux densities given by Meixner et al. (1993) and the IRAS ux densities give a bolometric ux corresponding to a luminosity of 3300 L . If we assume that the HII region is optically thin at 3.6 cm and has a temperature of 10 4 K, the corresponding number of Lyman continuum photons is 2 10 45 s ?1 , using the analysis of Churchwell and Walmsley (1973) . Comparison with the model atmospheres for planetary nebula nuclei calculated by Hummer and Mihalas (1970) gives a relatively low temperature for the central star of 30,000 K with a radius of about 1 R .
The observations of four compact planetary nebulae surrounded by circumstellar molecular clouds show that the nebulae are small enough that they are likely to have formed recently. If we assume that planetary nebula formation occurs when mass loss stops, we can make rough age estimates for these nebulae. We assume that the inner regions of the envelope continue to coast away from the star at the wind out ow velocity as the central star begins to heat up, and estimate the evolution time for the radius of the HII region and the out ow speed of the envelope given by molecular line emission (Knapp et al. 1995) . The results are given in Table 5 , which lists the planetary nebula name, the distance, the radius of the HII region (assuming that it is spherical), the out ow speed of the envelope, the resulting timescale in years and the spectral type for the central star. These data show that ionization can begin very soon after mass loss ceases, 100 years, as is also shown by the rate of growth of the HII region in CRL 618.
Several of the stars observed in the present work have fast molecular winds: these are CRL 618, IRAS 17423-1755, VY CMa, OH231.8+4.2, IRAS 09371+1212, CRL 2688 and M2-56. The radio continuum observations described herein show that only the rst two of these are compact planetary nebulae. These observations show that in at least some of these stars the formation of the fast wind precedes that of the ionized nebula.
CONCLUSIONS
Sensitive observations were made of radio continuum emission from a sample of 21 red giant and supergiant stars with high mass loss rates and extended cool circumstellar envelopes in a search for compact planetary nebulae. The sample of stars was selected to emphasize characteristics which may denote objects in transition between the AGB and planetary nebula stages, such as stars with relatively early spectral types, stars with fast as well as slow molecular out ows, and stars with cool circumstellar envelopes. Thus if the phenomenon of fast winds is related to planetary nebula formation at all, it begins before the central star is hot enough to ionize the nebula.
6. Continuum emission was detected for four other stars, VY CMa, IRC+10216, CIT 6 and R Leo, but is too weak to be due to an ionized HII region. In all cases, the emission is several times stronger than expected for thermal emission from the stellar photospheres. While the excess emission from IRC+101216 and VY CMa can plausibly be attributed to dust, it is more likely that the emission from all four stars is from extended chromospheres. If so, the chromospheres extend to several (optical) stellar radii, and the stellar atmospheres are cool enough for dust to form and drive mass loss. However, the radio emission from VY CMa may be anomalously strong: we did not detect the other supergiant star in the sample, VX Sgr, whose distance and luminosity are similar to those of VY CMa.
Appendix A: PHOTOSPHERIC AND CHROMOSPHERIC EMISSION The 3.6 cm observations described in this paper detect emission from ve stars at a level which is too weak to be due to compact planetary nebulae (cf. Figure   1 ). The data for CRL 2688 suggest that there is weak emission at 3.6 cm from circumstellar dust, and these data are described in Paper I. Figure 1 shows that the emission from IRC+10216, R Leo, VY CMa and CIT6 appears to be in excess of the expected photospheric value.
VY CMa is a supergiant OH/IR star at a distance of 1500 pc, with a luminosity of 5 10 5 L and a surface temperature of 2700 K. These quantities give a predicted 3.6 cm photospheric ux density (including the expected contribution from dust) of 0.046 mJy, 20% of the observed value (Table 2) . A model for CIT6 which includes the expected radio frequency emission from circumstellar dust (D = 230 pc, L = 3200 L , T = 2500 K, _ M = 2 10 ?8 M ) gives a 3.6 cm ux density of 0.04 mJy, 25% of the observed value. The 3.6 cm ux density of R Leo (0.26 mJy measured with the VLA`C' array) is similar to the value of 0.2 mJy measured by Reid and Menten (1992) with the`D' array. The spectral index between 3.6 cm and 1.3 mm (using the measurement by Altenho et al. 1994) has the black body value of 2.0 0.06. The 3.6 cm ux density calculated from the angular diameters and e ective temperatures measured by DiGiacomo et al. (1991) and Tuthill et al. (1994) is 0.13 mJy, about 50% of the observed value. The predicted 3.6 cm ux from IRC+10216 (L = 2:6 10 4 L , T = 2500 K, D = 200 pc, is 0.16 mJy, 20% of the observed value; the possible contribution of dust is discussed in Paper 1).
These observations show that the emission at 3.6 cm from cool red giant stars, when detected, is in excess by factors of several over the expected photospheric emission. Warm circumstellar dust is a plausible source of some of the excess emission from some of the stars, but cannot explain the excess in all cases. The emission may be due to extended partially ionized chromospheres such as that seen around Ori (Newell and Hjellming 1982) . The strength of the 3.6 cm excess suggests that the chromospheric radii are 2 ? 4 R ? . These regions are extended enough and the outer regions are cool enough for dust to form and to initiate radiation pressure driven mass loss (cf. Bowen 1988) .
Finally, note that the data suggest that the strength of the`chromosphere' may di er from star to star. For example, 3.6 cm emission is detected from one of the two supergiants in the sample, VY CMa, but not from the other, VX Sgr. Figure 1 : Histogram of the ratio of 3.6 cm ux density in mJy (or its 3 upper limit to the integrated CO(3{2) line ux I CO (in K km s ?1 ). Detected stars are shaded. The expected ratios for the model stars are shown by dotted lines. In both cases the line ux is for an oxygen rich star with a mass loss rate of 10 ?5 M yr ?1 , about the highest value observed for AGB stars. The 3.6 cm ux density for the line denoted`PN' is calculated for an optically thick HII region of radius 10 4 cm. Table 2 ; the other data are from the literature (see text).
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